2014). After its domestication in the Americas, common bean promptly spread worldwide (Zeven, 1997) . Introduction of this species in Europe dates to the early 16th century when Spanish and Portuguese sailors brought bean specimens to their homelands from both centers of domestication (Gepts and Bliss, 1988) . During the last five centuries of cultivation, many landraces and cultivars evolved under diverse environments and farmer preferences in Europe (Zeven, 1997) . Though many local cultivars were lost in the last 60 years, there are still many farmers who maintain old local landraces, which are well adapted to the pedoclimatic conditions peculiar to their limited geographical areas, and who have been exchanging their seeds with surrounding areas, mainly in local markets.
The pathways of dissemination of the common bean into and across Europe were very complex, with several introductions from America, combined with direct exchanges between European and other Mediterranean countries (Papa et al., 2006) . In the past two decades, phaseolin seed protein and other genetic markers have been intensively used to analyze the structure of European common bean populations and distribution of the two gene pools. A prevalence of the Andean ''C'' and ''T'' phaseolin types (76%) was first detected by Gepts and Bliss (1988) , and was then confirmed by Lioi (1989) in an analysis of a large collection from Italy, Greece, and Cyprus (66% in total), by Logozzo et al. (2007) for a broad European collection (76%), and by others for Portuguese and Spanish genotypes (Rodino et al., 2001 (Rodino et al., , 2003 . Similar distribution of Andean and Mesoamerican genotypes has also been observed in phaseolin and molecular marker analyses at a regional scale (Angioi et al., 2009; Limongelli et al., 1996; Piergiovanni et al., 2000; Sicard et al., 2005; Su star-Vozli c et al., 2006) . Moreover, several studies have focused on hybridization between the Andean and Mesoamerican gene pools in Europe. This phenomenon was first evidenced in the Iberian Peninsula by analyzing phaseolins, allozymes, and morphological characters (Rodino et al., 2006; Santalla et al., 2002) , and later by inter-simple sequence repeat and simple sequence repeat (SSR) markers from both the chloroplast and nuclear genomes of European genotypes (Angioi et al., 2009 (Angioi et al., , 2010 Sicard et al., 2005) .
Information on genetic diversity of common bean in the western Balkans that encompasses former Yugoslav republics (i.e., Slovenia, Croatia, Bosnia and Herzegovina, Macedonia, and Serbia) is scarce. In this region, common bean represented a very important food in the human diet for centuries. Until World War II, this crop was grown on large areas (>1 million ha) in the field often together with maize (Zea mays). In the second half of the last century new cultivars of both maize and common bean were introduced into crop production, and the old cropping system was abandoned, which subsequently, lead to a great reduction of the areas covered by beans (120,000 ha).
Different approaches for assessing diversity at the molecular level are presently available. Microsatellites have been considered as the reference markers for cultivar fingerprinting in common bean because they are codominant, widely distributed in the genome, highly polymorphic, and highly repeatable (Powell et al., 1996; Yu et al., 1999) .
In this study, the genetic diversity of common bean from the western Balkans was assessed by SSR markers. A total of 13 markers that proved in previous studies (Maras et al., , 2013 to be highly polymorphic and as efficient as amplified fragment length polymorphism markers in distinguishing common bean genotypes according to their gene pool of origin (Maras et al., 2008) were employed. The collected molecular data allowed us to: 1) examine the relationships among the accessions and the organization of common bean genetic variation in the western Balkans, 2) identify the original gene pool (Andean or Mesoamerican) of the studied plant material, and 3) clarify the bean dissemination process in the western Balkans.
Materials and Methods
PLANT MATERIAL. A total of 119 common bean landraces from national gene banks of five former Yugoslav republics were used in this study (Table 1 ; Fig. 1 Metais et al. (2002) and Gaitan-Solis et al. (2002) were employed ( Table 2) . Amplification reactions were performed with a Veriti Thermal Cycler (Life Technologies) in 10-mL reaction mixtures. Each reaction contained 1 · polymerase chain reaction (PCR) buffer, 2 mM MgCl 2 , 200 mM nucleoside triphosphates, 0.25 mM unlabeled right primer, 0.25 mM labeled left primer, 0.5 U of Taq DNA Polymerase (Biotools, Madrid, Spain), and 20 ng of genomic DNA. Loci were amplified using a profile of initial denaturation at 95°C for 3 min, followed by 30 cycles of strand denaturation at 94°C for 30 s, primer annealing at 47 to 62°C for 30 s, DNA extension at 72°C for 30 s, and final extension at 72°C for 4 min. Fluorescently labeled PCR products were mixed with formamide and internal size standard GeneScan350 ROX (Life Technologies) and genotyped on the 3130xl Genetic Analyzer (Life Technologies).
DATA ANALYSES. For each SSR marker, alleles of different sizes were scored. Basic statistics, including observed number of alleles, expected heterozygosity, polymorphic information content (PIC), and probability of identity (PI) were calculated in Identity 1.0 (Wagner and Sefc, 1999) and MicrosatelliteToolkit (Park, 2001) . The number of total, effective, and private alleles and alleles with frequency over 5% were calculated for each of the five groups of accessions using GenAlEx 6.1 (Peakall and Smouse, 2006) . The same software was used for the estimation of Shannon's information index and expected heterozygosity of overall loci in single groups of accessions.
Analysis of molecular variance (AMOVA) was performed to statistically assess genetic variation within and among groups of accessions using Arlequin (Excoffier and Lischer, 2010) .
The unbiased Nei's genetic identity for analyzed accessions performed on the basis of pairwise comparisons between different countries was evaluated using GenAlEx 6.1 (Peakall and Smouse, 2006) . The estimation of gene flow among populations was carried out by calculating the effective number of migrants using private allele method of Slatkin (1985) in Genepop 4.1.0 software (Laboratoire de Genetique et Environment, Montpellier, France) reporting the corrected estimated value of Barton and Slatkin (1986) . Populations 1.2.28 software (Langella, 2002) was used in the computation of Nei's standard genetic distance 
Gene pool of origin of Slovene accessions is reported in parentheses; MA = Mesoamerican gene pool; A = Andean gene pool. y BA = Bosnia and Herzegovina; HR = Croatia; MK = Macedonia; SI = Slovenia; SRB = Serbia. (Nei, 1972) from allele frequencies and construction of unweighted pair group method with arithmetic mean (UPGMA) dendrogram in cluster analysis. The UPGMA dendrogram was drawn in TreeView (Page, 1996) . Structure 2.3.3 software (Pritchard et al., 2009 ) was employed for inferring population structure using a Bayesian approach. Twenty independent runs for each K (from 1 to 12) in the case of admixture model were performed and burning period of 10,000 followed by 100,000 Markov chain Monte Carlo repeats were used. The ideal K-value was selected based on the increases in likelihood ratios between runs using Evanno's delta K statistic (Evanno et al., 2005) implemented in Structure Harvester (Earl and von Holdt, 2011 ). An accession was assigned to specific cluster when its percentage of membership was between 0.80% and 1.00%.
Results
A total of 118 alleles were scored across the full set of accessions. The average number of alleles per SSR was 9.1, and ranged from four alleles for ATA3 to 20 alleles for GATS91 ( Table 2 ). The latter also generated the highest values of expected heterozygosity (0.93), PIC (0.93), and Shannon's information index (4.00). The high capacity of GATS91 for distinguishing genotypes was further evidenced by a very low value of PI (0.009). The second most efficient locus in respect to the measured parameters was BM210, followed by BM183 and BM170 (Table 2) .
Regarding the genetic diversity residing within the five studied groups, comparable values of expected heterozygosity and average number of different alleles, number of effective alleles, number of alleles with a frequency higher than 5%, and Shannon' information index were observed for accessions from Bosnia and Herzegovina, Croatia, Serbia, and Slovenia (Fig. 2) . Notably, lower values of all these parameters were scored for a group of Macedonian accessions. In contrast, the highest number of private alleles (nine) was detected in the Macedonian group, whereas the four other countries yielded 12 private alleles.
The AMOVA revealed that molecular diversity was significantly different (P < 0.01) among the five groups (Table 3) . It was shown that most of the molecular variation in the studied groups exists among accessions within groups (95%), with a small portion belonging to the between-group variance component (5%). Table 4 presents the genetic similarity between groups of accessions as estimated by unbiased Nei's genetic identity. The highest value of this parameter was observed for a pair of Bosnian and Croatian accessions (0.984) and the lowest for a pair of geographically distant Macedonian and Slovene accessions (0.718). In general, the parameter was very high (>0.800) when considering all pairwise comparisons with Bosnian, Croatian, Serbian, and Slovene accessions, and significantly lower (<0.800) for all pairwise comparisons that included accessions from Macedonia.
These results were in strong congruence with the observations provided by the calculation of Shannon's mutual information index for all pairwise combinations of countries (Table 5) . As estimated by a number of migrants, we can conclude that the most intensive gene flow takes place between Bosnia and neighboring Croatia. The lowest value of this parameter was scored for a pair of Macedonian and Slovene accessions. With regards to the total amount of migrants observed, Bosnia outscored Serbia and Slovenia by 2-fold and Macedonia by more than 8-fold. On the basis of microsatellite data, the relationship among the 119 accessions was assessed by hierarchical cluster analysis (Fig. 3) . A very clear separation of accessions into two large groups could be observed in the dendrogram. On the basis of the classification of 14 Slovene accessions that served as reference genotypes (see Table 1 ), we were able to discern the studied accessions according to their gene pool of origin, i.e., Andean or Mesoamerican, with characteristic ''C,'' ''T,'' and ''S'' phaseolin types (Fig. 3) .
The Andean cluster was the largest and contained 72 accessions (61% of total) from all five countries: 15 from Bosnia and Herzegovina, 12 from Croatia, 14 from Macedonia, 19 from Serbia, and 12 from Slovenia, including all 10 Andean reference accessions.
All countries had their representatives also in the Mesoamerican cluster, which composed of 47 accessions (39%): 10 from Bosnia and Herzegovina, 6 from Croatia, 14 from Macedonia, 11 from Serbia, and 6 from Slovenia, including 4 Mesoamerican reference accessions.
A strong prevalence of accessions of Andean origin over Mesoamerican was observed in the following four countries: Bosnia and Herzegovina (60%), Croatia (67%), Serbia (63%), and Slovenia (67%). On the other hand, a notably higher ratio of Mesoamerican genotypes was observed in the Macedonian germplasm (50%).
Within the larger Andean cluster, a smaller group of 15 accessions (21% of Andean and 13% of total) was distinguished and included 2 Bosnian, 2 Croatian, 4 Macedonian, and 7 Slovene accessions (Fig. 3) . Six of these seven Slovene accessions classified in previous studies in a separate Andean subcluster and five of them showed Andean ''C'' phaseolin type  Su star-Vozli c et al., 2006), which suggests that the set of 15 accessions represents additional variation within the Andean gene pool.
Bayesian clustering was employed in Structure software to identify genetic populations, assign accessions to these populations, and identify admixed accessions (Fig. 4) . Delta K, an ad hoc statistic that has been recommended to help identify the bestfitting number of populations within a sample (Evanno et al., 2005) , was highest at K = 3. Beside the presence of Andean and Mesoamerican genotypes in all countries, Structure analysis confirmed the existence of an additional third cluster, which was also identified in the UPGMA dendrogram (Andean sub-cluster). The 14 representatives of this cluster with percentage of membership higher than 0.80, were found most abundant in Slovene germplasm (PHA15-SI, PHA29-SI, PHA64-SI, PHA65-SI, PHA153-SI, PHA639-SI, PHA642-SI), followed by representatives from Bosnia (1-BA, 32-BA, 37-BA), Serbia (NSKB2_10-RS, NSKB5_10-RS), Macedonia (GV31-MK), and Croatia (57-HR). Four accessions, NSKB403-HR, GV1-MK, GV13-MK, and GN22-MK, that grouped together within the Andean sub-cluster in UPGMA dendrogram were shown in Structure analysis to score percentage of membership lower than 0.80 and thus were not assigned to the same cluster. There were 10 more accessions (14 in total) with admixed genetic structure that showed percentage of membership to any of the three clusters lower than 0.80.
It should also be noted that at K = 2, all 14 accessions from the additional cluster showed predominantly Andean origin with percentage of membership higher than 0.68, while out of 14 accessions with admixed genetic structure at K = 3 only two were classified within Mesoamerican and one within Andean gene pool at K = 2 with a percentage of membership higher than 0.80 (Fig. 4) .
Discussion
Thirteen SSR markers, demonstrated previously for their efficiency to distinguish among common bean genotypes and assign them according to their gene pool of origin (Maras et al., , 2013 , have been employed in this study to assess genetic diversity of 119 common bean accessions from the five former Yugoslav republics that constitute the western Balkans. This study is complementary to the previous genetic diversity assessments of Slovene and Austrian germplasm (Maras et al., , 2013 Su star-Vozli c et al., 2006) , the two countries that represent a geographic bridge between the western Balkans and central Europe.
Marker diversity in terms of average number of SSR alleles per marker (9.1) for the combination of 13 markers and 119 accessions in this study was comparable to the previous study (Maras et al., 2013) , where 10.5 alleles were detected on average in 167 bean accessions genotyped by 14 SSR markers. This is notably higher in comparison with the values reported in Table 3 . Results for the analysis of molecular variance (AMOVA) for common bean accessions from five countries. the studies of common bean genetic diversity carried out by Blair et al. (2006) and Zhang et al. (2008) , similar to values scored by Asfaw et al. (2009) and Blair et al. (2012) but lower than values found by Kwak and Gepts (2009) .
As indicated by other parameters of marker diversity, i.e., Shannon's information index, expected He, PIC, and PI; the SSRs proved to be a very powerful tool in resolving genetic relatedness between common bean genotypes. This is in strong congruence with the observation of Kwak and Gepts (2009) and Blair et al. (2009) .
Considering the five groups of accessions, we found that four groups (BA, HR, SRB, and SI) possess comparable marker diversity as indicated by the scored parameters, e.g., number of different alleles, number of effective alleles, Shannon's information index, while the Macedonian group, on the other hand, contained fewer alleles. However, this group included the highest number of private alleles.
Though AMOVA showed that all five studied germplasms share a great portion of genetic variation, a notable distinctness of Macedonian group of accessions was observed and evaluated via different diversity parameters. Beside the abundance of private alleles, the distinctness of Macedonian germplasm was further revealed through calculation of unbiased Nei's genetic identity. The lowest values of this parameter for all possible pairwise comparisons were scored for the pairs that included Macedonian group of accessions suggesting that the introgression of bean genotypes from surrounding countries, i.e., Bulgaria and Greece, where distinguishable patterns of common bean genetic diversity were found with a prevalence of Mesoamerican genotypes (Lioi, 1989; Svetleva et al., 2006) , must have played an important role in the formation of genetic structure of Macedonian germplasm. On the other hand, the highest value of the unbiased Nei's genetic identity was measured for Bosnia and Herzegovina, indicating that the most intensive exchange of genetic material within the western Balkans takes place in this region. This is not surprising because Bosnia and Herzegovina lie in the heart of the western Balkans and connects the trading routes from Slovenia on the west, Croatia on the north, and Serbia on the east. This observation was further supported by the highest number of migrants calculated via Shannon's mutual information index for Bosnian germplasm.
In the cluster analysis based on microsatellite data, all single accessions were successfully distinguished. In the present study, two large groups were observed corresponding to two common bean gene pools with characteristic phaseolin types. The same clustering pattern of common bean assessed by molecular markers has been reported for Slovenia (Maras et al., 2013; Su star-Vozli c et al., 2006) , Italy (Limongelli et al., 1996; Piergiovanni et al., 2000; Sicard et al., 2005) , Spain (Rodino et al., 2003) , Bulgaria (Svetleva et al., 2006) , Brazil (Burle et al., 2010) , Ethiopia and Kenya (Asfaw et al., 2009) , and China (Zhang et al., 2008) . Both groups from the UPGMA dendrogram contained accessions from all five countries implying that genotypes from both major centers of common bean genetic diversity have been cultivated in the area of former Yugoslavia. Although there was no evidence of grouping of accessions with regards to the country of origin, obvious tendency in the distribution of the two gene pools across the territory was observed in this study. Very high frequency (50%) of Mesoamerican genotypes was found in Macedonia, which is located on the southern boundaries of the former Yugoslavia, and much lower in the central and, especially, northern parts of the area studied. The very high proportion of Andean genotypes in the northern part is in agreement with the observation of Maras et al. (2013) who found that the prevalence of Andean genotypes in Slovenia is as strong as in Italy. As indicated in this study, it seems that the influence of the strong gene flow from the west spreads deeply in the territory of former Yugoslavia.
As shown by Angioi et al. (2010 Angioi et al. ( , 2011 and Logozzo et al. (2007) , 67% of European germplasm is of Andean origin. The authors identified three macro areas where Andean genotypes were particularly abundant. These include the Iberian Peninsula, Italy, and central-northern Europe. However, in eastern and southeastern Europe, the proportion of the Mesoamerican type increases. These observations are further supported by earlier findings from Spain (P erez- Vega et al., 2009; Rodino et al., 2003) , Portugal (Rodino et al., 2001 (Rodino et al., , 2003 , Italy (Angioi et al., 2009; Lioi, 1989; Piergiovanni et al., 2000) where Andean genotypes were prevalent, and Greece (Lioi, 1989) and Bulgaria (Svetleva et al., 2006) where high frequencies (around 50%) of Mesoamerican genotypes were observed. On the basis of the results presented, we can classify Slovenia, Croatia, Serbia, and Bosnia and Herzegovina among the Mediterranean countries with prevalent Andean genotypes, while Macedonia resembles more to the countries on the east with predominantly Mesoamerican genotypes. With respect to the two original genetic diversity centers of common bean, we identified additional distinctive variation in UPGMA dendrogram and Structure analysis. Both statistical approaches along with the specific ''C'' phaseolin pattern indicated that this variation is based within the Andean gene pool and might consist of putative hybrids between the gene pools that were detected extensively across Europe (Angioi et al., 2010 (Angioi et al., , 2011 . Alternatively, it might represent unique variation peculiar to the region under investigation or might have been introduced from other European countries or American continent.
As shown by Angioi et al. (2010) and Gioia et al. (2013) , who assessed more than 250 European common bean accessions for SSRs, phaseolin, and Pv-shatterproof1, about one third of the European P. vulgaris might represent hybrids between the two gene pools. In our study, the frequency of putative hybrids in the western Balkans was relatively low and resembled more to germplasm from America and Africa, where ratios between 1% and 12% were reported (Asfaw et al., 2009; Blair et al., 2010; Gioia et al., 2013) . This implies that despite P. vulgaris being an autogamous species, hybridization in the area studied might not be uncommon. Putative hybrids are of great value since introgressions between the gene pools might have created new interesting combinations of traits, such as a higher adaptability to environmental stresses, diseases or insects, and might have helped to break the negative associations between seed weight and yield potential (Gioia et al., 2013; Johnson and Gepts, 1999) .
Alternatively, a set of distinctive genotypes in regard to the two major gene pools could represent unique variation that has evolved in the area studied or has been introduced from the abroad. Recently, Raggi et al. (2013) reported the existence of genotypes from the Italian Peninsula with unique genetic structure that is distinguishable from other Andean genotypes according to ecogeographical features determined by altitude, and suggested that the observed genetic diversity pattern could be the result of different selective forces associated with specific environmental conditions and several hundred years of continuous cultivation.
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